Introduction {#s1}
============

Intracranial aneurysms (IAs) are common, and their ruptures are one of the main causes of subarachnoid hemorrhage (SAH). In clinical practice, the treatment decisions related to incidental unruptured IAs (UIAs) still need careful consideration because most UIAs do not rupture during patients\' lifetimes, and prophylactic treatment is also associated with risks. Thus, the assessment of the rupture risk for UIAs has important clinical value.

Although many previous studies showed that the locations of UIAs were not associated with an increased rupture risk after a long period of follow-up ([@B1], [@B2]), the American Heart Association/American Stroke Association indicated that the treatment decision regarding UIAs is based mainly on the size and location ([@B3]). However, the influence of aneurysm size does not seem to be the same for all locations ([@B4]). Some studies showed that the risk factors of UIA ruptures differ by their location ([@B5]--[@B7]). Therefore, the natural history of UIAs may be individually investigated for each distinct location.

Anterior communicating artery aneurysms (ACoAAs) account for \~30--37% of all IAs, and the rupture rate of ACoAAs is the highest compared with other types ([@B4], [@B8]--[@B10]). In addition, the proximity of ACoAAs to important midline structures, especially the optic apparatus, leads to high morbidity and mortality rates following rupture ([@B8]). Thus, it is necessary to assess the risk for rupture of ACoAAs and then implement effective treatments to prevent such severe consequences. However, only a few publications have focused on the patient and morphological risk factors for the rupture of ACoAAs ([@B9]--[@B15]), and the results are not consistent. To our knowledge, there is no simple risk score for ACoAA ruptures only. An effective quantitative scoring model based on patients\' characteristics and ACoAA characteristics for ACoAA rupture would be of enormous clinical value. The aim of this study is to establish a simple scoring model for the prediction of rupture risk of ACoAAs.

Materials and Methods {#s2}
=====================

Patients
--------

This retrospective study was approved by our institutional ethics committee. From August 2011 to December 2017, a total of 423 consecutive patients underwent head computed tomography angiography (CTA) examinations and were diagnosed with anterior cerebral artery aneurysms. Aneurysms arising from the A1--A2 junction were selected, excluding A1 segment aneurysms (*n* = 21) or distal anterior cerebral artery aneurysms (*n* = 22). Mycotic aneurysms (*n* = 1), cases associated with arteriovenous malformations (*n* = 6), and aneurysms with poor image quality (*n* = 12) were not eligible for this study. All ruptured intracranial aneurysms (RIAs) were managed with treatment (coiling or clipping), 95 UIAs were managed because of clinical symptoms (e.g., headache), and 54 UIAs were observed. Between follow-up with CTA or magnetic resonance angiography (MRA), six aneurysms grew and two ruptured, and the ruptured aneurysms were sorted into the ruptured group. Finally, 361 patients (214 in the ruptured group and 147 in the unruptured group) were available for the analysis.

Patients\' clinical data were extracted from the hospital\'s medical records by one of the assessors. A history of hypertension, heart disease, diabetes mellitus, cerebral atherosclerosis (CA), alcohol consumption, cigarette smoking, and SAH was recorded as either present or absent. A history of SAH was defined as SAH due to the rupture of an aneurysm in other locations. In cases with multiple IAs, the RIAs were determined based on the CT, angiographic, or operative findings.

Computed Tomography Angiography and Image Analysis
--------------------------------------------------

All CTAs were performed on a 64-slice CT machine (GE LightSpeed VCT; GE Healthcare, WI, USA). The CTA images were evaluated on the GE Advantix workstation (Advantage Windows 4.5). Then, the three-dimensional (3D) volume rendering (VR) and maximum intensity projection (MIP) were obtained. All morphological variables were independently obtained by two observers (one of the observers has 18 years of experience in neuroradiology, and the other has 8 years of experience in vascular imaging), and the average value was used for subsequent statistical analyses. Controversial cases were resolved through discussion.

Four categorical morphological variables included the shape of the aneurysm (simple-lobed and irregularly shaped aneurysms), the variation in the A1 segment, the neck types, and the direction of the aneurysm dome. An aneurysm with an irregular shape was defined as having lobular or daughter sacs ([@B16], [@B17]). A1 co-dominance was defined as a \< 33% difference in diameter between the two A1 segments; A1 dominance was defined as a \>33% difference in diameter between the two A1 segments ([@B9], [@B10], [@B12]). Based on the available literature ([@B9], [@B10], [@B12]), the aneurysm dome was classified based on four directions: anterior--inferior, anterior--superior, posterior--inferior, and posterior--superior, called A, B, C, and D, respectively ([Figure 1](#F1){ref-type="fig"}). Based on the neck location, the neck types were classified as type C or type D ([@B16], [@B17]). Seven continuous morphological variables, including the aneurysm depth (the longest diameter between the neck and the dome), the width (the maximum distance perpendicular to the depth), the neck width (the largest cross-sectional diameter of the aneurysm neck), the maximum size (Dmax, the largest measurement in terms of maximum dome diameter or width), the mean diameters of the parent and two daughter arteries (MD), the flow angle (FA), and the parent--daughter angle, were evaluated ([Figure 2](#F2){ref-type="fig"}). Five secondary geometric indices, including the aspect ratio (AR; depth/neck width), the depth--width ratio (DW; depth/width), the bottleneck factor (BF; width/neck width), the size ratio (SR; depth/MD), and the lateral angle ratio (LAR; parent--larger daughter angle/parent--smaller daughter angle), were calculated. These variables have already been used and are clearly defined in the literature ([@B9]--[@B18]). Of note, SR, FA, parent--daughter angle, and LAR were measured differently based on whether or not A1 co-dominance was present ([Figure 3](#F3){ref-type="fig"}).

![This is a sagittal maximum intensity projection (MIP) of a computed tomography angiography (CTA) from a typical patient. The directions of aneurysm dome were defined as anterior--inferior (A), anterior--superior (B), posterior--inferior (C), and posterior--superior (D). This picture depicts the direction of the aneurysm dome as B.](fneur-10-00520-g0001){#F1}

![Aneurysm with A1 dominance and is classified as a deviated neck type (type D). The larger daughter artery is defined as daughter artery A, and the small daughter artery is defined as daughter artery B. LB mean diameter of the daughter artery B is measured at LB1 and LB2, and the daughter artery A and parent artery are measured as LA and LP. The mean diameter is defined as (LA + LB + LP)/3.](fneur-10-00520-g0002){#F2}

![Aneurysm with A1 co-dominance. The LAR is defined as (angle A″/angle B″+angle A′/angle B′)/2. Flow angle (FA) is defined as between the vector of depth of the aneurysm and the vector of the centerline of the parent artery. FA is defined as (flow angle A + flow angle B)/2.](fneur-10-00520-g0003){#F3}

Statistical Analysis
--------------------

All statistics were performed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA), and *P* ≤ 0.05 was considered statistically significant. The agreement between two observers for the shape of the IAs, A1 segment, the neck types, and the direction of the aneurysm dome was evaluated by a kappa value. All data were expressed as the means ± standard deviations or the number of patients or aneurysms (%). Continuous data were compared using a two-tailed independent Student\'s *t*-test (for normally distributed data) or the Mann--Whitney *U*-test (for non-normally distributed data); categorical data were compared using a chi-square test. All variables (*P* ≤ 0.2) were entered into the univariate analysis. A conditional multiple logistic regression analysis with forward selection was used to calculate the independent risk factors associated with ACoAA rupture for those features that achieved statistical significance (*P or* 0.05) in the univariate analysis. The assignment score of these independent risk factors depends on the β coefficient in the multiple logistic regression model. A receiver operating characteristic (ROC) curve analysis was performed to determine the cutoff value, the sensitivity, and the specificity.

Results {#s3}
=======

The data of all the patients and aneurysms are showed as [Data Sheet 1](#SM1){ref-type="supplementary-material"}. The clinical characteristics of the 361 patients are listed in [Table 1](#T1){ref-type="table"}. The mean age was 56.63 ± 9.85 years: 53.87 ± 9.18 years for the ruptured group and 60.65 ± 9.63 years for the unruptured group. The patients\' age, heart disease, CA, and SAH history were correlated with the risk of ACoAA rupture.

###### 

Clinical characteristics with ruptured and unruptured aneurysms.

  **Clinical data**                                           **Patient groups**   ***P***        
  ----------------------------------------------------------- -------------------- -------------- ----------
  Male                                                        83 (56.5%)           116 (54.2%)    0.747
  Age[^\*^](#TN1){ref-type="table-fn"}                        60.65 ± 9.63         53.87 ± 9.18   \< 0.001
  Hypertension                                                85 (57.8%)           67 (31.3%)     0.280
  Heart disease[^\*^](#TN1){ref-type="table-fn"}              21 (14.3%)           5 (2.3%)       \< 0.001
  Diabetes mellitus                                           10 (6.8%)            8 (3.7%)       0.222
  Cerebral atherosclerotic[^\*^](#TN1){ref-type="table-fn"}   49 (33.3%)           8 (3.7%)       \< 0.001
  Alcohol history                                             44 (29.9%)           68 (31.8%)     0.730
  Cigarette smoking                                           55 (37.4%)           81 (37.9%)     1.000
  SAH history                                                 11 (7.5%)            7 (3.3%)       0.086
  Multiple aneurysms                                          13 (8.8%)            12 (5.6%)      0.292

SAH, subarachnoid hemorrhage.

*Variables showing significant difference by univariate analysis (P \< 0.05)*.

Inter-observer agreement on the CTA categorical factors was good (κ = 0.939 for the shape of the IAs, κ = 0.966 for the A1 segment, κ = 1.000 for the neck types, and κ = 0.959 for the direction of the aneurysm dome). [Table 2](#T2){ref-type="table"} shows the morphological characteristics of the ACoAAs. Irregular shape, A1 dominance, depth, width, Dmax, AR, DW, BF, SR, MD, and parent--smaller daughter angle were associated with rupture risk.

###### 

The morphological characteristics with ruptured and unruptured aneurysms.

  **Morphologic parameters**                                            **Aneurysm groups**   ***P***          
  --------------------------------------------------------------------- --------------------- ---------------- ----------
  Irregular shape[^\*^](#TN2){ref-type="table-fn"}                      46 (31.3%)            151 (70.6%)      \< 0.001
  Type C                                                                93 (63.3%)            144 (67.3%)      0.432
  A1 dominance[^\*^](#TN2){ref-type="table-fn"}                         105 (71.4%)           183 (85.5%)      0.044
  **Direction of dome**                                                                                        
   A                                                                    54 (36.7%)            80 (37.4%)       0.912
   B                                                                    25 (17.0%)            28 (13.1%)       0.364
   C                                                                    55 (37.4%)            84 (39.3%)       0.742
   D                                                                    13 (8.8%)             22 (10.3%)       0.720
  Neck width (mm)                                                       4.06 ± 1.58           3.84 ± 1.31      0.406
  Width (mm)[^\*^](#TN2){ref-type="table-fn"}                           4.17 ± 2.26           5.03 ± 2.46      \< 0.001
  Depth (mm)[^\*^](#TN2){ref-type="table-fn"}                           4.37 ± 2.51           5.87 ± 2.49      \< 0.001
  Maximum diameter (mm)[^\*^](#TN2){ref-type="table-fn"}                5.27 ± 2.62           6.88 ± 2.78      \< 0.001
  AR[^\*^](#TN2){ref-type="table-fn"}                                   1.09 ± 0.53           1.59 ± 0.69      \< 0.001
  DW[^\*^](#TN2){ref-type="table-fn"}                                   1.06 ± 0.38           1.24 ± 0.38      \< 0.001
  BF[^\*^](#TN2){ref-type="table-fn"}                                   1.03 ± 0.37           1.33 ± 0.52      \< 0.001
  MD (mm)[^\*^](#TN2){ref-type="table-fn"}                              2.55 ± 0.45           2.32 ± 0.44      \< 0.001
  SR[^\*^](#TN2){ref-type="table-fn"}                                   1.78 ± 1.08           2.69 ± 1.36      \< 0.001
  Flow angle (°)                                                        131.43 ± 22.82        130.57 ± 20.78   0.625
  Parent--larger daughter angle (°)                                     98.22 ± 23.0          101.87 ± 23.92   0.123
  Parent--smaller daughter angle (°)[^\*^](#TN2){ref-type="table-fn"}   95.03 ± 22.52         103.32 ± 23.68   0.002
  LAR                                                                   1.10 ± 0.42           1.04 ± 0.38      0.306

A, anterior--inferior; B, anterior--superior; C, posterior--inferior; D, posterior--superior; AR, aspect ratio; DW, depth/width ratio; BF, bottleneck factor; MD, mean diameter; SR, size ratio; FR, flow angle; LAR, lateral angle ratio.

*Variables showing significant difference by univariate analysis (P \< 0.05)*.

Fourteen independent variables (*P* ≤ 0.05) were used in the multiple logistic regression analysis. The model showed that five variables were associated with the rupture risk of ACoAAs, among which A1 dominance, an irregular shape, and a large AR strongly increased the rupture risk, whereas CA and MD decreased the rupture risk ([Table 3](#T3){ref-type="table"}), with odds ratios (ORs) of 3.034, 3.358, 3.163, 0.080, and 0.474, respectively. The threshold values of AR and MD were 1.19 and 2.48 mm, respectively.

###### 

Multiple logistic regression analysis for the prediction of aneurysm rupture.

  **Variable**               **Odds ratio**   ***P***    **95% CI**     **β**
  -------------------------- ---------------- ---------- -------------- --------
  Cerebral atherosclerotic   0.080            \< 0.001   0.033--0.190   −2.529
  A1 dominance               3.034            0.001      1.580--5.827   1.110
  Irregular shape            3.358            \< 0.001   1.917--5.880   1.211
  Aspect ratio               3.163            \< 0.001   1.742--5.745   1.152
  Mean diameter              0.474            0.02       0.253--0.890   −0.746

*CI, confidence intervals; β, partial regression coefficient*.

According to the β coefficient, we established a predictive scoring model for ACoAA--rupture risk, and points were assigned as follows. For the presence of A1 dominance, irregular shape, and an AR ≥ 1.19 (β = 1.110, 1.211, and 1.152, respectively), the score = 1; if there was A1 co-dominance, regular shape, and an AR \< 1.19, then the score = 0. For the presence of CA (β = −2.529), score = −2; otherwise, the score = 0. For an MD ≥ 2.48 mm, the score = −0.5 (β = −0.746). For an MD \< 2.48 mm, the score = 0.5. The optimal cutoff value of the predictive score was 1 on the basis of the maximum Youden\'s index, and the value of the area under the curve was 0.846; the sensitivity and specificity for the detection of RIAs were 88.3 and 66.0%, respectively ([Table 4](#T4){ref-type="table"}). The incidence of RIAs in the low-risk group (score \< 1) and the high-risk group (score ≥ 1) was 20.5 and 79.1%, respectively ([Table 5](#T5){ref-type="table"}).

###### 

Area under the curve for predictive score.

  **Factor**         **Area**   **Threshold value**   ***P***    **Sen (%)**   **Spe (%)**   **95% CI**
  ------------------ ---------- --------------------- ---------- ------------- ------------- --------------
  Predictive score   0.846      1                     \< 0.001   88.3          66.0          0.806--0.887

*Sen, sensitivity; Spe, specificity; CI, confidence intervals*.

###### 

Incidence of aneurysm rupture based on the predictive scoring model.

  **Score**   **Total (*n*)**   **RIAs (*n*)**   **Risk**   **Incidence of RIAs**
  ----------- ----------------- ---------------- ---------- -----------------------
  −2.5        6                 0                Low        20.5%
  −1.5        17                1                           
  −0.5        22                1                           
  0.5         77                23                          
  1.5         72                45               High       79.1%
  2           1                 1                           
  2.5         87                69                          
  3.5         79                74                          

*RIAs, ruptured intracranial aneurysms*.

Discussion {#s4}
==========

The rupture rate for aneurysms in the ACoAA is higher than those in the other sites ([@B8]--[@B10]), and this study indicated that the rupture rate of ACoAAs was 59.3% (214/361). In addition, ACoAAs are proximal to important midline structures, especially the optic apparatus, leading to high morbidity and mortality rates following rupture ([@B8]). The bifurcation areas of arteries are known to be vulnerable sites where the wall is weak and the hemodynamic stress changes ([@B16], [@B17]). Moreover, hemodynamics are strongly dependent on the feeding vessel ([@B19]), so the hemodynamics of ACoAAs may be different from that of anterior cerebral artery aneurysms. Therefore, in this study, we excluded proximal and distal IAs to identify risk factors related to ACoAA rupture. Our results showed that MD and CA were negatively associated with rupture, while ACoAAs with A1 dominance, an irregular shape, and a high AR were more prone to rupture.

The clinical characteristics are believed to be important factors related to aneurysm rupture. Age is known to be a significant risk factor for the rupture of IAs, and many previous studies showed that patients with RIAs were younger than those with UIAs ([@B6], [@B10], [@B16], [@B17]). Although most studies showed that patients with ruptured ACoAAs were younger than those with UIAs ([@B9]--[@B11], [@B13]--[@B15]), this factor was not significant upon multiple analysis. The incidence of CA increased with age. It is well-known that CA is more prevalent in Asian people than in people from Western countries, and atherosclerotic or calcified walls decrease the risk of IA rupture ([@B20]). This study and our previous studies showed that CA decreased the risk of IA rupture ([@B16], [@B17]), possibly because CA or calcified walls slow the flow rates entering the aneurysm and thus reduce its wall shear stress ([@B21]).

The formation of ACoAAs is more likely when there is an A1 segment predominance in the anterior cerebral artery ([@B22]). In this study, ACoAAs were most commonly found on the A1 dominant side. Previous studies showed that A1 dominance was not associated with ruptured ACoAAs ([@B9]--[@B12], [@B15], [@B22]). In contrast, our study demonstrated that A1 dominance was closely related to ruptured ACoAAs, which agreed with the results reported by Xu et al. ([@B13]) and Kim and Hwang ([@B14]), possibly because the A1 dominant segment has more blood flow stress and then gives rise to a greater risk of rupture ([@B13]).

An aneurysm with daughter sacs or a lobular shape was defined as having an irregular shape ([@B16]--[@B18]). Most, but not all, previous retrospective studies showed that IAs with irregular shapes were associated with a higher risk of rupture ([@B10], [@B12], [@B16]--[@B18]) and the rupture risk increased according to the extent of morphologic changes ([@B23]). Additionally, a prospective study also indicated that UIAs with daughter sacs were also more likely to rupture ([@B24]). Although some studies showed different results ([@B9], [@B11], [@B13]--[@B15]), the present results showed that irregular aneurysms are more likely to rupture, which is in accordance with previous ACoAA studies ([@B10], [@B12]). Possible reasons for this result are that aneurysm wall irregularity accelerates histological wall degeneration, daughter sac walls are thinner than other sites, and the irregular shape leads to blood flow pattern instabilities ([@B18], [@B25]).

Many previous studies on AR and SR produced conflicting results. Most groups have reported that SR rather than AR is a risk factor for ACoAA rupture ([@B9], [@B11], [@B13], [@B15]). However, other researchers have shown that a large AR increases the risk of ACoAA rupture ([@B12], [@B14]). These conflicting results may be due to the use of different imaging modalities and measurement methodologies. The present data showed that AR strongly increased the risk of ACoAA rupture, and the threshold value was 1.19, which was concordant with our previous reports ([@B16]).

In this study, we found that MD was associated with a decreased risk of ACoAA rupture, indicating that a smaller artery is associated with a higher risk of rupture. This result also agreed with our previous studies ([@B17], [@B18]), possibly because IAs arising from smaller vessels have thinner walls and would experience greater wall tension than larger vessels ([@B17], [@B18]).

Based on the five factors, we established a simple scoring model for predicting the rupture risk of ACoAAs. Using one as the cutoff value, the sensitivity and specificity values for the detection of RIAs were 88.3 and 66.0%, respectively, and the positive and negative predictive values were 79.1 and 79.5%, respectively. However, some ACoAAs with threshold values smaller than one still ruptured; one reason for this finding is that CA lowers the score; another reason for this finding is that patients\' clinical factors, such as family history and congenital diseases, were not used in this study because these data were not recorded for many of the older patients, but these clinical factors may cause the rupture of IAs ([@B26]). This scoring model differs from the PHASES score, which was based on prospective data from six cohort studies on rupture risk of unruptured IAs and reported that patients\' geographic location, age, hypertension status, previous SAH from a different IA, IA size, and location were associated with IA rupture ([@B5]). Moreover, different imaging modalities were used to assess the initial IA characteristics, and rupture risk factors such as IA shape could not be included in the PHASES score. Finally, a potential selection bias exists in the PHASES score because many patients were removed from those studies when they received treatment before IA rupture.

Limitations {#s5}
===========

The present study has several limitations. First, this is a retrospective analysis of patients with a small sample size of ACoAAs from one hospital, and patients\' confounding clinical characteristics may lead to statistical bias. Second, the ACoAAs were not monitored in real time, and the shape or size of the ruptured ACoAAs might have changed due to the rupture, and the results may be biased, even though previous studies reported that aneurysms do not shrink in size after rupture ([@B27], [@B28]). Third, the unruptured ACoAAs may rupture in the future. It is ideal to dynamically observe the size and morphological changes. Fourth, our study has referral bias because it was performed in a cerebral surgery center in which a high proportion of patients exhibited a rupture. In the future, a multicenter, prospective study with a large sample size is needed.

Conclusion {#s6}
==========

We found that MD and CA are likely protective factors against ACoAA rupture. However, morphological characteristics such as A1 dominance, aneurysm with an irregular shape, and a high AR (\>1.19) are risk factors for rupture. The predictive scoring model according to the five factors is of great value in predicting the rupture risk of ACoAAs, and more attention should be paid to the aneurysms when the score ≥ 1 during clinical practice. By applying this scoring model, clinicians can predict which patients with ACoAAs may have a high risk of rupture and thus help patients make the right decisions.
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